Freeze-dried mouse spermatozoa are capable of participating in normal embryonic development after injection into oocytes. When the freeze-dried spermatozoa are used as a method for storage of genetic materials, however, it is essential to assure the relevance of long-term preservation over several decades or centuries. Thus, we applied the theory of accelerated degradation kinetics to freeze-dried mouse spermatozoa. Thermal denaturation kinetics were determined based on Arrhenius plots derived from transition-state theory analysis at three elevated temperatures: 30, 40, and 50؇C. Accelerated degradation kinetics were calculated by extrapolation of Arrhenius plots. This theory also is being applied to the long-term stability of drugs. The estimated rate of development to the blastocyst stage at 3 and 6 mo and at 1, 10, and 100 yr of sperm storage at 4؇C were 21.60%, 7.91%, 1.00%, 0%, and 0%, respectively. At Ϫ80؇C, estimated development rates to the blastocyst stage that would be expected after 100 yr of storage did not decline significantly. In addition, after 3 or 6 mo of storage at 4 or Ϫ80؇C, preimplantation development of the embryos derived from intracytoplasmic sperm injection (ICSI) was examined. The actual developmental rates to the blastocyst stage from ICSI by freeze-dried sperm stored for 3 mo at 4 and Ϫ80؇C were 21% and 62%, respectively, and the rates for such sperm stored for 6 mo were 13% and 59%, respectively. These results indicate that the determination of accelerated degradation kinetics can be applied to the preservation of freeze-dried mouse spermatozoa. Furthermore, for long-term preservation, freeze-dried mouse spermatozoa appear to require being kept at lower than Ϫ80؇C.
INTRODUCTION
Cryopreservation of mouse spermatozoa has been widely applied for maintenance of genetically modified mouse strains as well as mutant mice in saturation mutagenesis projects. Although cryopreservation of spermatozoa is simpler, less time-consuming, and less costly than that of embryos in maintaining transgenic or gene-disrupted mouse strains [1] [2] [3] , maintenance of cryopreserved spermatozoa 1 Supported, in part, by the Special Coordination Funds for Promoting Science and Technology from the Ministry of Education, Culture, Sports, and Science, Japan. still has high running costs because of the need for a constant supply of liquid nitrogen. In certain areas of the world, it also may be difficult or very expensive to store spermatozoa in liquid nitrogen. Because it has been reported that freeze-dried mouse spermatozoa are capable of participating in normal embryonic development after injection into oocytes [4] [5] [6] [7] [8] , they have attracted a great deal of attention as storable gene resources. Reduction in the maintenance and shipping costs could be enormous with freezedried spermatozoa; however, little is known regarding the possibility of long-term preservation. It is particularly essential to assure long-term preservation for several decades or centuries. Thus, in the present study, we applied the determination of accelerated degradation kinetics to the preservation of freeze-dried spermatozoa. Accelerated degradation kinetics were calculated by extrapolation of Arrhenius plots. This theory also is being applied to the longterm stability of drugs.
We estimated the percentage rates of development to the 2-cell and blastocyst stage for freeze-dried spermatozoa preserved for 100 yr at 4 or Ϫ80ЊC. The estimated values were validated by intracytoplasmic sperm injection (ICSI) using freeze-dried spermatozoa stored for 3 or 6 mo at 4 or Ϫ80ЊC.
MATERIALS AND METHODS

Animals
The C57BL/6 ϫ C3H/He F1 (B6C3F1) mice were purchased from Clea Japan (Tokyo, Japan). All mice were housed in polycarbonate cages and maintained under a specific pathogen-free environment in light-controlled (lights-on, 0500-1900 h) and air-conditioned (temperature, 24 Ϯ 1ЊC; humidity, 50% Ϯ 10%) rooms. The mice had free access to standard laboratory chow (CE-2; Clea Japan). The Animal Care and Use Committee of Chugai Pharmaceutical (Shizuoka, Japan) reviewed the protocols and confirmed that the animals used in the present study were cared for and used under the Guiding Principles for the Care and Use of Research Animals promulgated by Chugai Pharmaceutical.
Freeze-Drying and Preservation of Spermatozoa
The freeze-drying procedure was essentially the same as that described by Kaneko et al. [6] . The EGTA-Tris-HCl-buffered solution (pH 8.0) was warmed to 37ЊC. Six epididymides were removed from three B6C3F1 male mice, and a dense sperm mass was squeezed out of the cauda epididymis after cutting it with scissors. The sperm masses were gently put into 9 ml of EGTA-Tris-HCl-buffered solution in a tube and kept at 37ЊC for 10 min. The sperm suspension at a concentration of 15-38 ϫ 10 7 cells/ ml was then divided into 18 aliquots. Each aliquot of 500 l was put into amber vacuum vials for freeze-drying (SVF-3; Nichiden-rika Glass Co. Ltd., Kobe, Japan). Vials were plunged into liquid nitrogen (approximately Ϫ196ЊC) and then transferred onto the shelf of a programmable freeze- mbar for 8 h and secondary drying at a pressure of 1 ϫ 10 Ϫ3 mbar for 6 h. The inside pressure of vials at the time of sealing was 1 ϫ 10 Ϫ3 mbar. Vials were stored at Ϫ80, 4, 30, 40, or 50ЊC until use. Immediately before ICSI, the seal of the vials containing the freeze-dried spermatozoa were opened, and the spermatozoa were hydrated by adding 500 l of sterile distilled water.
Comet Assay for DNA Damage
The DNA damage of spermatozoa from freeze-drying and subsequent preservation was assessed by single-cell gel electrophoresis (comet assay) [9] [10] [11] . Evaluation of the DNA ''comet'' tail shape and migration pattern allows assessment of DNA damage. Sperm suspension was suspended in Comet LMAgarose (1% low-temperature-melting agarose; Trevigen, MD) at a ratio of 1:10 (v/v). Twenty-five microliters of sperm suspension with molten LMAgarose at 37ЊC were immediately placed on a CometSlide (Trevigen). Slides were placed flat in a refrigerator at 4ЊC for 10 min and then submerged in 23 ml of Lysis Solution (Trevigen) at 4ЊC for 60 min. Next, 2.5 ml of 10 mM dithiothreitol were added, followed by incubation for 30 min at 4ЊC and, finally, addition of 2.5 ml of 4 mM lithium diiodosalicylate for 90 min at room temperature. The slides were left in alkaline solution (pH Ͼ13) for 20 min at room temperature in the dark. The slides were subjected to electrophoresis in 1ϫ Tris-borate-EDTA buffer at 25 V for 10 min and stained with SYBR Green (Trevigen).
Preparation of Oocytes
Mature B6C3F1 females were induced to superovulate by i.p. injections of 5 IU of eCG (Serotrophin; Teikokuzoki Co., Tokyo, Japan) and 5 IU of hCG (Puberogen; Sankyo Co., Tokyo, Japan) 48 h later. Freshly ovulated oocytes were collected from oviducts 15-16 h after hCG injection. The oocytes were treated with 0.1% hyaluronidase (280 U/mg; H-3506; Sigma Chemical Co., St. Louis, MO) in Whitten medium [12] supplemented with 100 M EDTA disodium salt [13] to remove cumulus cells.
Intracytoplasmic Sperm Injection
After rehydration of the freeze-dried spermatozoa as described above, one part of the sperm suspension was mixed thoroughly with nine parts of 0.9% NaCl solution (saline) containing 12% (w/v) polyvinyl pyrrolidone (PVP; no. 99219, M r 360 000; Irvine Scientific, Santa Ana, CA). Two drops (ϳ5 l each) of 12% PVP saline and two drops of 20 mM Hepes-buffered Whitten medium [12] containing 0.1% polyvinyl alcohol (P-8136, M r 30 000-70 000; Sigma) were linearly placed on the injection chamber [14] and then covered with mineral oil (M-8410; embryo tested; Sigma). One to 2 l of the diluted sperm suspension were added to the second drop of 12% PVP saline. The first drop of 12% PVP saline was for washing the injection pipette. The cumulus-free oocytes were placed in the second drop of Hepes-buffered Whitten medium. The first drop of the medium was for the removal of spermatozoa attached to the surface of the injection pipette. The injection chamber with spermatozoa and oocytes was transferred onto the stage of an inverted microscope maintained at approximately 18.0ЊC (MATS-555RSP; Tokai Hit, Shizuoka, Japan).
The procedure for micromanipulation of sperm for ICSI was essentially the same as that described previously [14, 15] . The holding pipette was prepared from a glass capillary tube (G1; Narishige, Tokyo, Japan). The capillary tube was heated and pulled using an automatic electromagnetic pipette puller (P-197; Sutter Instrument, Novato, CA). The end of the pipette (diameter, ϳ80 m) was polished using a microforge (De Fonbrune, Beaudouim, France). The injection pipette was prepared from a glass capillary tube (Sutter Instrument) using the pipette puller and had a bluntend [15] . The inner diameter of the injection pipette was approximately 5 m at its tip. A small volume (ϳ0.5 l) of mercury was introduced into the injection pipette from its proximal end. The pipette was connected to a Fluorinert (F77; Sumitomo 3M Co., Tokyo, Japan)-filled syringe system attached to a piezoelectric actuator (model PMM 150 FU; Prime Tech Ltd., Ibaraki, Japan). Immediately before intracytoplasmic sperm injection (ICSI), air in the injection pipette was expelled into the washing medium. A single slowly mobile spermatozoon in PVP saline was sucked, tail first, into the injection pipette. The spermatozoon was positioned such that its midpiece-principal piece junction was at the opening of the pipette. The sperm head was separated from the tail by applying three or four piezo pulses (controller settings: speed, 2; intensity, 2) to the head-tail junction of the spermatozoon. In the same way, a total of three to five isolated sperm heads were lined up in the pipette. After the tip of the injection pipette touched the surface of zona pellucida, several piezo pulses (controller settings: speed, 2; intensity, 2) were applied as the pipette was advanced mechanically while applying slightly negative pressure. After the zona was drilled, a single sperm head was pushed to the tip of the pipette, and the pipette was advanced mechanically deep into the ooplasm, until the tip almost reached the opposite side of the oocyte. The oolemma was ''punctured'' using one to two piezo pulses (controller settings: speed, 1; intensity, 1). A single sperm head was then expelled into the ooplasm accompanied with a minimal amount of medium. Following retrieval of as much of the medium as possible, the injection pipette was withdrawn while applying negative pressure to the pipette [14, 15] .
Culture of Oocytes
Sperm-injected oocytes were incubated and cultured in Whitten medium [12] supplemented with 100 M EDTA [13] at 37.5ЊC in 5% CO 2 in air. Six hours after ICSI, live oocytes with two distinct pronuclei and a second polar body were considered to be normally fertilized. The fertilized eggs were further cultured in Whitten medium [12] supplemented with 100 M EDTA [13] for 96 h at 37.5ЊC in 5% CO 2 in air.
Kinetics of Degradation of Freeze-Dried Spermatozoa
The determination of accelerated degradation kinetics was performed at three elevated temperatures: 30, 40, and 50ЊC. Vials containing freezedried spermatozoa were stored in an incubator (The-HER CPE-BABY CO 2 ; Hirasawa Works, Inc., Japan) for 1, 3, and 7 days after freeze-drying. The degradation of freeze-dried spermatozoa during sampling periods at 0, 1, 3, and 7 days fitted second-order kinetics. The linearity was best met when the reciprocals of the percentage rates of the development to the 2-cell or blastocyst stage were plotted against days. A rate constant (k) was determined for each temperature. The extrapolation of the Arrhenius plot obtained from the relation between k and the reciprocal of the thermodynamic temperature (T) led to an estimation of k at 4 or Ϫ80ЊC [16, 17] . The half-lives of development to the blastocyst stage were calculated by extrapolation of the Arrhenius plots.
Statistical Analysis
Data in the present study were analyzed statistically by the chi-square test and the Tukey test for nonparametric multiple comparisons (SAS ver 6.12; SAS Institute, Cary, NC). In all statistical tests, the difference was considered to be significant at P Ͻ 0.05.
RESULTS
Accelerated stability testing using the Arrhenius relationship often is employed for stability-parameter identification. The well-known classical approach consists of sequential steps [18] [19] [20] [21] . It includes determination of the kinetic constant (k) for the correct order of the degradation reaction. This is done through the functional relationship between developmental rate (D) and time (t) at several temperatures (T). For a first-order reaction, this relation is
Based on the measured times (t) and the corresponding developmental rate (D), it is easy to compute the least-squares estimates of ln D and k (T) . This identification is repeated for several experiments at different temperatures (T), gas constant (R). Then, with the pairs (T, k (T) ), the frequency factor (A) and the energy of activation (E a ) can be identified with a least-squares method using the classical Arrhenius equation [21] 
The determination of accelerated degradation kinetics was performed at three elevated temperatures: 30, 40, and 50ЊC (Table 1) . Survival rates and fertilization rates of the oocytes were the same for all experimental groups. However, development rates to the blastocyst stage of the fertilized oocytes were significantly reduced with prolonged storage in each temperature. The degradation of freeze-dried spermatozoa during the sampling period from 0 to 7 days fitted second-order kinetics, in which linearity was best met when the reciprocals of the percentage rates of development to the 2-cell or blastocyst stage were plotted against days. The inclination of each graph-that is, the rate constants (k)-as determined for the three temperatures were 0.0034, 0.0114, and 0.0249, respectively (Fig. 1) . The extrapolation of the Arrhenius plot (Fig. 2) obtained from the relation between log k and the reciprocal of the thermodynamic temperature (T) led to the estimation of k at each temperature and storage time ( Table 2) . By the derived k at 4ЊC, the estimated development rates to the 2-cell stage at 3 and 6 mo and 1, 10, and 100 yr after sperm storage at 4ЊC were 94.50%, 91.33%, 84.56%, 22.42%, and 0%, respectively. For blastocysts, on the other hand, the rate constants (k) determined for the three temperatures were 0.0847, 0.2419, and 0.5663, respectively (Fig. 3) . The estimated percentage rates of development to the blastocyst stage by Arrhenius plot (Fig. 4) were 21.60%, 7.91%, 1.00%, and 0% at 3 and 6 mo and 1 and 10 yr, respectively, after sperm storage at 4ЊC. However, when stored at Ϫ80ЊC, the projected rates of development to the blastocyst stage that would be expected after 100 yr of storage did not decline significantly (Table 3) .
To evaluate the degradation kinetics described above, freeze-dried spermatozoa stored at 4 or Ϫ80ЊC for 3 or 6 mo were injected into oocytes, and the fertilized oocytes were cultured for 96 h after ICSI. The population of oocytes developing to the 2-cell stage following ICSI with sperm stored for 6 mo at 4ЊC was predicted to be 91.13% from the Arrhenius plots (Table 2 ). Similar to the estimation from the Arrhenius plots, 94% of the fertilized oocytes after ICSI developed to the 2-cell stage (Table 4) . Concerning development to the blastocyst stage, 21% of the fertilized oocytes derived from ICSI stored for 3 mo and 13% of those stored for 6 mo, with both groups stored at 4ЊC, developed to the blastocyst stage in culture. Arrhenius plots led to estimations of 21.60% and 7.91%, respectively, under the same conditions. The estimated development rates and the actual rates of the ICSI oocytes during preimplantation were similar (Tables 2-4). As shown in Table 4 , development rates to the 2-cell and blastocyst stages after ICSI were significantly higher in freeze-dried spermatozoa stored at Ϫ80ЊC than in those stored at 4ЊC. Furthermore, no significant differences were found between freeze-dried spermatozoa stored at Ϫ80ЊC and the controls with regard to development to the 2-cell or blastocyst stage (Table 4) .
The half-lives of competence to develop to the blastocyst stage were calculated at a variety of temperatures less than 30ЊC by extrapolation of the Arrhenius plot. Under the conditions of our experiment, the half-lives of development to the blastocyst stage were 0.17 yr at 4ЊC, 4.12 yr at Ϫ20ЊC, and 380 312 yr at Ϫ80ЊC (Fig. 5) .
The comet assay was used to assess the DNA integrity of individual freeze-dried sperm. Evaluation of the DNA ''comet'' tail shape and migration pattern allows assessment of DNA damage. The assay was performed using alkaline electrophoresis to measure single-stranded DNA breaks and alkali-labile sites of the DNA. Most freeze-dried spermatozoa stored at 4ЊC for 3 or 6 mo had comet tails, but fresh as well as freeze-dried spermatozoa stored at Ϫ80ЊC for 3 and 6 mo did not (Fig. 6) .
DISCUSSION
Freeze-drying spermatozoa seems to be a promising method for storage of genetic materials from animals. Therefore, it is essential to assure long-term preservation (i.e., several decades or centuries). In the present study, we applied the determination of accelerated degradation kinetics for freeze-dried mouse spermatozoa. Our results indicate that successful preservation of freeze-dried spermatozoa for 100 yr or more requires storage at temperatures less than Ϫ80ЊC (Table 3) .
To evaluate the estimation of development rates to the 2-cell and blastocyst stages, we examined actual development rates derived from ICSI by using freeze-dried spermatozoa stored for 3 and 6 mo at 4 and Ϫ80ЊC. When freeze-dried spermatozoa stored for 3 or 6 mo at 4ЊC were injected into the oocytes, the development rate of the fertilized oocytes to the 2-cell stage was 92% or 94% (Table  4) ; the predicted rate of development of injected oocytes to the 2-cell stage calculated from Arrhenius plots was 94.50% or 91.13% (Table 2) . Similarly, Ward et al. [8] reported that after ICSI using freeze-dried spermatozoa stored for 3 or 6 mo, 88% or 85% of injected oocytes, respectively, developed to the 2-cell stage. The estimated development rates to the 2-cell or blastocyst stage and the actual rates of the oocytes derived from ICSI during preimplantation were similar (Tables 2-4 ). These results indicate that it appears to be possible to apply the determination of accelerated degradation kinetics to the preservation of freezedried mouse spermatozoa. Arrhenius plots also indicate that prolonged preservation of freeze-dried spermatozoa at 4ЊC, but not at Ϫ80ЊC, might be harmful to the preimplantation development of fertilized eggs by ICSI. Furthermore, based on the estimated half-lives of sperm stored at various temperatures, it appears that storage at low temperature is necessary to preserve the developmental competence of spermatozoa (Fig. 5) . The comet assay clarified that the higher temperature (4ЊC) induced DNA damages in stored, freezedried spermatozoa (Fig. 6 ). It appears that damage to the DNA of freeze-dried spermatozoa stored at temperatures greater than Ϫ80ЊC resulted in reduced rates of preimplantation development after ICSI. Thus, further modifications in the freeze-drying method and/or solution are required for successful permanent preservation of mouse spermatozoa at much higher temperatures.
